Objective: To analyze longitudinal levels of CSF biomarkers in drug-naive patients with Parkinson disease (PD) and healthy controls (HC), examine the extent to which these biomarker changes relate to clinical measures of PD, and identify what may influence them.
Intracellular accumulation of a-synuclein (a-syn) aggregates, neuronal dysfunction and loss, and synaptic changes are the neuropathologic hallmarks of Parkinson disease (PD). Mutations and duplications in the a-syn encoding gene (SNCA) are associated with autosomal dominantly inherited PD, providing further support for a central role of a-syn in PD. 1 Recent evidence suggests that transcellular spread of aggregated or misfolded a-syn may contribute to progression 2 via the extracellular space. This raises the possibility that the quantification of a-syn in extracellular fluids may be a marker for PD diagnosis and progression. Total tau (t-tau) and phosphorylated tau (p-tau) protein, as well as b-amyloid 1-42 (Ab42), correlate with key pathologic features in Alzheimer disease (AD). 3, 4 These proteins have been shown to be relevant in PD neurodegeneration with an association between the microtubule-associated protein tau (MAPT) gene with PD and a known overlapping pathology (with AD). In crosssectional studies, levels of a-syn in CSF are decreased in PD and related disorders. [5] [6] [7] This decrease of CSF a-syn and changes in t-tau and p-tau protein and Ab42 was recently replicated in the large multicenter Parkinson's Progression Biomarker Initiative (PPMI). 8, 9 Longitudinal changes in levels of CSF a-syn and other biomarkers in PD were examined in other cohorts, [10] [11] [12] [13] [14] with suggestions that CSF a-syn may increase over time or in those with more severe PD. Understanding the dynamics of changes in biomarkers may advance our understanding of the pathobiology of the disease course, identify contributions of different pathologies to progression, 15, 16 and can provide benchmark data for the design and interpretation of disease-modifying clinical trials that use biomarkers for participant enrollment or as outcome measures.
We therefore analyzed the levels of a-syn, tau, p-tau, and Ab42 in CSF samples of patients with PD and healthy controls (HC) at baseline and 6-and 12-month follow-up in the PPMI cohort. We hypothesized that these core CSF biomarkers would be stable in patients with PD and HC and would correlate with clinical or 123 I-ioflupane dopamine transporter imaging (DaTscan) indices of disease progression.
METHODS Participants. People with recently diagnosed untreated PD were enrolled in PPMI. PPMI is an ongoing prospective longitudinal, observational, international multicenter study that aims to identify biomarkers for the progression of PD. As described previously, 9 newly diagnosed, drug-naive patients with PD (n 5 423), age-and sex-matched HC (n 5 196), and participants with scans without evidence of dopaminergic deficit syndrome (n 5 60) were included in the study. Recruitment took place between June 2010 and May 2013, in 21 PD centers in the United States and Europe in accordance with PPMI protocols (ppmi-info.org/study-design). 17 The criteria for enrollment between June 2010 and May 2013 for participants with PD were (1) age over 30 years; (2) presence of 2 of the following: bradykinesia, rigidity, and resting tremor, or presence of an asymmetric resting tremor, or asymmetric bradykinesia; (3) diagnosis recently made within the last 24 months; (4) PD drug naivety; and (5) dopamine transporter deficit in the putamen on the DaTscan by central reading. This article is based on the data from CSF samples obtained at baseline and 6-and 12-month follow-up visits and analyzed for t-tau and p-tau, Ab42, and a-syn. Our findings reflect data collected as of January 19, 2016 , from the PPMI database (ppmi-info.org).
Standard protocol approvals, registrations, and patient consents. Approval was received from the ethical standards committee on human experimentation for all experiments with human participants. Written informed consent was obtained from all study participants (consent for research). The study is registered in clinicaltrials.gov as NCT01141023.
CSF sample collection and analysis. CSF was collected using standardized lumbar puncture procedures. Sample handling, shipment, and storage were carried out as described in our previous study 8 and the PPMI biologics manual (ppmi-info.org). Aliquots of 0.5 mL frozen CSF were shipped from the PPMI Biorepository Core laboratories to the University of Pennsylvania (Penn) PPMI Biomarker Core and to BioLegend (San Diego, CA) for analyses. Measurements of CSF Ab42, tau, and p-tau were made using the xMAP-Luminex platform with INNOBIA AlzBio3 immunoassay kit-based reagents (Fujirebio-Innogenetics, Ghent, Belgium) at Penn, as we have described elsewhere. 8 Commercially available sandwich type immunoassay kits (BioLegend; formerly Covance) were used to analyze CSF a-syn and CSF hemoglobin levels, as described previously. 8 Clinical assessment measures. The clinical assessment battery is described on the PPMI website. In brief, motor assessment was performed with the Movement Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) 18 III and total score. At baseline, all participants with PD were free of dopamine-related medications. Use of medications for PD was recorded at the 6-and 12-month visits, and is expressed as levodopa equivalent doses (LEDs). 19 Cognitive testing comprised screening with the Montreal Cognitive Assessment (MoCA) and the Hopkins Verbal Learning Test-revised, processing speed/attention was assessed using the Symbol Digit Modality Test, executive function/working memory was assessed with the Wechsler Memory Scale III LetterNumber Sequencing Test, and visuospatial abilities were assessed with the Benton Judgment of Line Orientation test. The REM sleep behavior disorder (RBD) screening questionnaire (RBD-SQ) was used to assess RBD. 20 Dopamine SPECT imaging. Dopamine imaging was performed by DaTscan using standardized methods, as described. 17 We analyzed whether quantitative DaTscan measures of caudate, putamen, or striatal uptake were related to CSF biomarker changes.
Genetic variables. To examine whether selected genetic variants were associated with CSF biomarkers, we used data for APOE genotypes and single nucleotide polymorphisms related to SNCA. These were measured by the PPMI Genetics Core as previously described. 17, 21 Statistical analysis. All analyses are based on data retrieved from the PPMI website, when all biomarkers for the 6-and 12-month follow-up periods were available on January 19, 2016. All statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC). All tests performed using the CSF biomarkers were rank-based. t Tests or x 2 were used to compare baseline demographic and clinical variables in participants with longitudinal CSF data vs participants who only had baseline CSF data; these comparisons were performed separately in patients with PD and controls. Nonparametric tests were used where specified in the tables. Repeated-measures linear mixed models were used to test for changes in CSF biomarker levels from baseline to 6 and 12 months. In cases where the change in CSF biomarker levels was significant at the 0.1 level, simple linear models were used to analyze potential baseline predictors of change. First, the univariate relationship between each predictor and the biomarker change was examined. Then, any variables that had univariate associations with p values less than 0.2 were included in a multivariable model. Finally, a backwards selection process was used to remove variables individually until all variables remaining in the model were significant at the 0.01 level.
Repeated-measures linear mixed models were also used to test for overall differences in CSF levels, MDS-UPDRS, and DaTscan levels between groups over time. In each of these models, an interaction between time and group was tested first, before testing for an overall group difference. Tests of interactions were reported where p values were significant at the 0.1 level. If the test of interaction was not significant, the interaction term was removed from the model and a test for overall group difference was reported.
Spearman rank correlation coefficients between changes in CSF biomarker levels and changes in MDS-UPDRS scores and DaTscan variables were also reported. In addition, repeated-measures linear mixed models were used to examine longitudinal relationships between CSF biomarker levels and DaTscan levels and PD medication use.
Unless otherwise specified, a significance level of p 5 0.01 was used as the cutoff to account for multiple comparisons. A more formal method of adjustment for multiple comparisons was not used, as the authors believed this would have been too stringent given the exploratory nature of these analyses.
RESULTS Demographic and clinical data of the 173 patients and 112 controls are shown in table 1. The flow of participants is shown in figure e-1 at Neurology.org and associated genetic and imaging data in these cohorts in table e-1. Comparisons between this longitudinal CSF cohort and the remaining 239 PPMI patients and 77 controls (with baseline CSF data only) revealed small differences in sex (more men were in the longitudinal CSF data group; p 5 0.03). Also, baseline CSF Ab42 and p-tau values were slightly lower in the longitudinal cohort compared to those with only baseline data available (p 5 0.05 and 0.01, respectively) (table e-2).
Changes in CSF biomarkers in patients with PD and controls over time are shown in table 2. Levels of Ab42 increased slightly in patients with PD and HC, which was significant from baseline to 12 months. While t-tau remained relatively stable over time in both groups, ptau significantly increased in patients with PD (baseline vs 12 months) but not in controls (table 2). The ratio of p-tau to t-tau increased between baseline and 12 months and the ratio of t-tau to Ab42 declined slightly over time in the patients with PD only. CSF total a-syn levels remained relatively stable, as did the ratio of t-tau to a-syn from baseline to 12 months (table 2) .
Comparing changes in CSF biomarkers over time in the PD group with those in controls, we found that t-tau, p-tau, and a-syn levels in patients with PD were significantly lower than in HC across time points. When samples with hemoglobin in CSF .200 ng/mL were excluded (PD n 5 91 and HC n 5 69) the comparison of patients with PD vs HC Continued became nonsignificant, probably due to fewer participants (table 3) .
In multivariate regression analysis that examined baseline predictors of changes in biomarkers, we found that no cognitive test was a significant predictor of changes in levels of CSF biomarkers. Similarly, cognitive dysfunction (MoCA ,26), the presence of hallucinations (MDS-UPDRS I.2 $1), and the presence of RBD (RBD-SQ $5) in the patients with PD at baseline were not significant predictors of any of the CSF biomarkers. A limited number of genetic variants were examined as predictors, including APOE e4 and polymorphisms in the SNCA gene. Among these, the genetic polymorphism at SNCA rs3910105 was a significant predictor for the change in Ab42. The increase of p-tau and the ratios p-tau/ t-tau and p-tau/Ab42 were significantly predicted by sex (men having a more pronounced increase) and by the polymorphism of SNCA rs 356181. The decrease of t-tau/Ab42 was significantly predicted by the polymorphism of SNCA rs3910105 (data not shown). Table e-3 shows predictors of significant changes in Ab42 and p-tau from baseline to 12 months in patients with PD.
We also examined correlations between changes in CSF biomarkers and key clinical measures (MDS-UPDRS part III score and total score), each of which increased over 6 and 12 months in PD (tables 4 and 5). However, after adjustment for multiple comparisons, no significant correlations were observed.
We analyzed whether the use and LED of PD medications during the 12 months follow-up period were associated with changes in CSF biomarkers (table 5) . We found that patients using PD medications had greater decreases in a-syn than those who did not take medications. This was driven by the subgroup who used dopamine agonists, not other dopamine replacement (tables e-4 and e-5), and there was only a weak relationship with LED. There was no relationship with changes in other CSF biomarkers.
There were moderate and significant correlations among the 4 CSF markers, which are summarized in table e-6. DISCUSSION This multicenter longitudinal study evaluated core CSF biomarkers-including a-syn, Ab42, t-tau, and p-tau levels-measured over 6 and 12 months in patients with de novo PD and healthy controls. The strengths of the data include quality control and standardization of recruitment of participants, support of clinical diagnosis through DaTscan imaging, rigorous clinical assessment, CSF and biosample collection, handling and central analysis according to established standardized operational procedures, and functional as well as structural brain image analysis, together with high recruitment numbers, retention rates, and rates of performance of longitudinal lumbar punctures. The diversity of enrollment sites is representative of a typical multicenter interventional study. Therefore, these data can serve as a benchmark for future intervention trials.
Overall, we show stability of all 4 biomarkers during 12 months of follow-up in de novo PD. Therefore, these CSF biomarkers do not mirror disease progression, in particular progressive striatonigral degeneration as evaluated by clinical motor ratings (MDS-UPDRS III) and DaTscan measures. Whether these CSF biomarkers change over a longer time course, during more advanced stages of PD, or in relation to, for example, blood-brain barrier changes, can be reassessed once further PPMI biomarker analyses are conducted.
CSF a-syn assays measure the total physiologic protein rather than its select pathologic forms, and cellular events that lead to its release into extracellular CSF are not well-understood. The development of assays that measure other forms of a-syn such as Pser129 a-syn 22 or a-syn oligomers 23, 24 may provide stronger indices of disease activity. Although it is possible that decreased levels of CSF a-syn in PD may normalize (increase) with effective neuroprotective therapy as target engagement, this will need to be tested in the setting of an effective intervention. CSF levels of t-tau and p-tau181 levels have been extensively studied in AD, where they are related to neuronal damage and neurofibrillary changes. They increase in the presymptomatic mild cognitive impairment stage, and remain stably elevated or even decrease slightly once the symptomatic phase with memory loss is present. 25, 26 It may therefore be important to similarly analyze people at risk for PD, such as asymptomatic mutation carriers and people with idiopathic nonmotor symptoms, such as RBD or hyposmia. 27 Analyses of t-tau and p-tau proteins and Ab42 in longitudinal CSF samples in 403 drug-naive patients Comparison over time in patients with Parkinson disease (PD) vs healthy controls (HC) of CSF levels of b-amyloid 1-42 (Ab42), total tau protein (t-tau), phosphorylated tau protein (p-tau), and a-synuclein (a-syn)
Variables
Patients with PD HC with PD at enrollment in the Deprenyl and Tocopherol Antioxidative Therapy of PD (DATATOP) placebo-controlled clinical trial revealed a slight but significant positive correlation between the rate of change in t-tau or t-tau/Ab42 levels and changes in Unified Parkinson's Disease Rating Scale scores. 13 In the PPMI cohort, the correlation between clinical progression by total MDS-UPDRS scores and changes of CSF a-syn after 6 and 12 months of observation supports a pathophysiologic connection of CSF a-syn levels with motor progression, albeit weak. However, this is not directly related to measures of presynaptic dopamine integrity in the basal ganglia by DaTscan.
Since the PD phenotype is very heterogeneous, different subtypes could show different biomarker Table 4 Correlation between change in CSF biomarkers and change in the Movement Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) part III motor score and the total score in patients with Parkinson disease (PD) and healthy controls (HC) dynamics. We found an increased t-tau/Ab42 ratio in participants with RBD, which may be part of a clinical subtype of PD with faster progression 28 and has been associated with greater synuclein pathology in PD. 29 Other clinical subtypes need to be determined upon longer clinical follow-up.
Levels of Ab42 and p-tau showed a small mean increase over 12 months in PD, and this was not associated with the APOE e4 allele or with cognition (other than visuospatial deficits). Levels of CSF Ab42 were generally above the cutoff developed in the Alzheimer's Disease Neuroimaging Initiative study (quantified by the same assay) of 192 pg/mL that has been validated against autopsy and against amyloid PET imaging. 30 Given the relatively young age (mean age 60.9 years) and early, de novo status of the PPMI PD cohort, it is likely that most participants do not yet have important coexisting amyloid plaque pathology. Among participants in PPMI, those with lower CSF Ab42 at baseline have been shown to have greater risk of cognitive decline over 2 years. 31 The potentially confounding effect of pharmacotherapy on biomarkers, especially a-syn, has not been investigated intensively. In PPMI, the first lumbar puncture was performed with all patients drugnaive, but with progressing motor symptoms, participants started dopaminergic treatment. The question of an effect of dopaminergic treatment on biomarker measurement has been raised previously 32 as D1, D2, D4, and D5 receptors are expressed in the choroid plexus, which, upon activation, could alter CSF homeostasis. 33 Some dopamine agonists decrease a-syn phosphorylation 34 and may protect against neuroinflammation 35 and may thus have neuroprotective properties. In fact, we found that patients using PD medications had greater changes in CSF a-syn, especially those on dopamine agonists. Whether the effect on CSF a-syn changes reflects these interactions and whether there are different binding properties of dopamine agonists will require further study.
Our focus was on 4 known core markers of neurodegeneration relevant to PD (i.e., a-syn, Ab42, t-tau, and p-tau) with well-validated assays for their quantification in CSF. Similar to AD, it is highly likely that a panel of multiple biomarkers will be helpful to mirror the complex process of progressive neurodegeneration in PD. Additional PD biomarker candidates have been proposed based mainly on cross-sectional studies and may be candidates for longitudinal analysis; for example, phosphorylated 22 and oligomeric a-syn, 23,36 neurofilament light chains, 11 and others. In addition, there is a need to identify new biomarker candidates that may predict or track clinical progression in PD, either hypothesis-driven by the increasing knowledge of the pathologic Continued processes or unbiased with continuously improving sensitive (e.g., -omics) technology. Although we did not find evidence for significant progression of the CSF biomarkers we studied during 12 months early in the course of PD, longer follow-up and expansion of these and other CSF biomarker panels in the PPMI and other cohorts will help to define a more detailed picture of biochemical events in the brain along the course of PD.
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